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INTRODUCTION 
After oxygen, water is the most important 

constituent of many living organisms. I n  gen- 
eral, the body is able to regulate its water con- 
tent to meet the vicissitudes of the environment. 
However, conditions, such as exercise, heat, 
cold, and altitude, may upset an organism’s 
homeostasis. Various homeostatic mechanisms 
must then be activated to return the various 
physiological systems to within their normal 
operating limits, Failure to do so may cause 
severe derangement and sometimes the death of 
the organism. 

The voluntary ingestion of water is one of 
those homeostatic mechanisms. Voluntary 
drinking in humans is usually stimulated when 
the body water decreases about 1 percent and 
the latter is normally regulated to within +0.22 
percent of the body weight (ref. 1). The turn- 
over of total body water in humans has been es- 
timated at 11 days (ref. 2) and 13.3k2.2 days 
(ref. 3). Under some circumstances a deficit of 
body water occurs such that the normal intake 
mechanisms are not sufficient to insure complete 
rehydration until some time has passed. This 
delay in complete rehydration following hypo- 
hydration has been termed “voluntary dehydra- 
tion” by Adolph and others (ref. 4). 

The term is misleading in that it leads the 
reader to assume that the delay in rehydration 
occurs voluntarily. The opposite is the case. 
The water-depleted person voluntarily rehy - 
drates completely over a period of time, if water 
is freely available, and at any moment prior to 
complete rehydration the deficit of water in the 
body tissue is involuntary. The te.rm dehydra- 
tion is also somewhat ambiguous and the term 
hypohydration, meaning a water deficit, has 
beer, suggested in its place (ref. 5 ) .  Thus, in- 
voluntary hypohydration will refer to a depres- 

sion in the rats of water intake with the dimen- 
sions of volume over time. 

The importance of maintaining an adequate 
water and salt intake while working in hot en- 
vironments is well known (ref. 6) .  Men on ad 
libitum water while working became exhausted 
much earlier than other men drinking water 
equal to their sweat loss (ref. 7) .  Victims 
of heat prostration, acute anhidrotic heat ex- 
haustion, and plain heat exhaustion are some- 
times hypohydrated and often exhibit little or 
no desire to drink. These heat diseases have 
been observed in the natural environment by 
Bannister (ref. 8) and during heat acclimatiza- 
tion studies in the laboratory (ref. 9). Ban- 
nister’s observations were confirmed experimen- 
tally by Sargent and Johnson (ref. 10). 

The most important factor limiting work out- 
put is the restriction of water, not food (ref. 
11). Like food, physical fitness is also of sec- 
ondary importance to water (ref. 12) and even 
tough, well acclimatized men will succumb if 
sufficient water is not availnble (ref. 13). So- 
dium chloride (NaC1) is a very important ad- 
junct to water intake, and low salt intakes lead 
to water abstention (ref. 9 ) ,  while excessive salt 
consumption sometimes leads to polyuria be- 
cause more water is obligated to rid the body 
of the excess salt. Leithead (ref. 14) con- 
cluded that hypohydration reduces sweating 
and predisposes one to heat stroke and death. 

Thus, it can be seen that understanding the 
mechanism (s) of involuntary hypohydr a t’ ion 
may help alleviate many of the heat diseases 
and increase working efficiency in hot enriron- 
ments. 

Two excellent volumes (refs. 1 and 15) dis- 
cuss the entire topic of thirst and drinking, and 
no attempt will be made to duplicate those 
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2 INVOLUNTARY HYPOHYDRATION 

works. The general area of water metabo- 
lism has been reviewed elsewhere (refs. 16 
through 19). That area and those pertaining 
to more specific topics, such as the role of water 
taste receptors (refs. 20 and 21), the physiolog- 
ical and pharmacological control of hunger and 
thirst (ref. 22), the dispersion of ingested water 
(ref. 23), and the nervous integration of water 
and salt metabolism (ref. 24) will not be spe- 
cifically considered here. 

This review is intended to summarize (not ex- 
haustively) the literature pertaining to the 
delay in rehydration following water loss and 
other associated factors influencing drinking 
in man and in other animals. The fact that 

dogs, cats, burros, and camels do not show as 
great a degree of involuntary hypohydration 
as man served to focus attention to the problem. 
Perhaps, after studying the observations on 
animals, some insight may be gained concerning 
the species differences in the lag in water intake 
and the controlling mechanisms. 

This publication is based on material sub- 
mitted in partial fulfillment for the degree of 
Doctor of Philosophy in Physiology, Univer- 
sity of Illinois, 1963. The author is indebted to 
Dr. F. Sargent 11, University of Illinois, and 
Mr. Steve Raymond, Stanford University, for 
their valuable criticisms and suggestions of the 
preliminary drafts, 



INVOLUNTARY HYPOHYDRATION IN MAN 
EKVIRONMENTAL PARAMETERS 
The phenomenon of involuntary hypohydra- 

tion was observed many years ago by Hunt (ref. 
25) in an experiment on the salt content in sweat 
following heat exposure. He observed that if 
the body water was extensively drawn upon, re- 
placement took many hours and restricted 
drinking might be harmful, an idea contrary to 
popular opinion in those days. I n  the early 
part of the twentieth century it was common for 
desert travelers to drink very little water dur- 
ing the heat of the day, the deficit being made 
up during the evening meal. Chase (ref. 26) 
told of eating a cold supper, drinking about 5 
gal of water (probably slightly exaggerated), 
smoking a pipe, and enjoying a shower bath (of 
the clesert sort by means of his tin drinking 
cup), and then retiring. This is a perfect de- 
scription of involuntary hypohydration, al- 
though it was not recognized as such. 

Vernon and Warner (ref. 27) observed that 
their subjects always drank less water than they 
lost by sweating, particularly at high tempera- 
tures. Lee and Mulder (ref. 28) studied the 
effects of a hot moist (dry bulb temperature 
=36.1" C, wet bulb temperature=33.3' C) and 
a hot dry (DBT=43.3" C, WBT=32.2' C) en- 
vironment on male subjects who had had no 
food or water for 12 hours, noting particularly 
the reaction to food (four dry crackers, 1 oz 
butter, and two boiled eggs) and water intake. 
They emphasized the emotional factors of the 
subjects during heat exposure and compared 
thirst feelings between the two environments. 
The consumption of the standard meal was 
nearly always followed by an exaggeration of 
the sense of lassitude, discomfort, and tendency 

to mental irritability which persons experience 
in the heat. Drinking water seemed to alleviab 
the symptoms somewhat. Thirst was much less 
marked in the wet room than in the dry. The 
difference in effective temperatures (dry, 35.0° 
C, and wet, 33.8" C) would indicate that the 
reason for the difference lies beyond environ- 
mental parameters. The possibility that the 
humidity influences thirst, as the work of Kauf- 
man (ref. 29) suggests, should not be over- 
looked. After leaving the hot-dry room, the 
subject's thirst persisted in spite of large 
draughts of water, indicating that water intake 
was somewhat depressed during the heat 
exposure. 

The Harvard Desert Expedition to Boulder 
City, Nevada, in the summer of 1937, provided 
much information on water balance in the heat. 
Heat balance was observed to be regulated 
about 10 times as accurately as water balance 
over 24-hr periods. Water, always on the defi- 
cient side, stayed unbalanced for hours, while 
heat, always in excess, was being continually 
lost and was back in balance within 1 hour after 
cessation of exercise (ref. 30). Fluid intake 
roughly paralleled the daily maximum temper- 
ature and the loss of water in urine and sweat 
accounted for more than half the total water 
turnover. It was observed that the various sub- 
jects regained their initial water balance, as 
measured by total body weight, with a precision 
of 4 to 10 percent of the amount of water ex- 
changed (ref. 31). The times of day at which 
most water was ingested were with meals and 
immediately after exercise. During exercise 
there was little desire to drink, yet during this 
time 2 to 3 1. of water mas lost by evaporation. 
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4 INVOLUNTARY HYPOHYDRATION 

Satisfaction was obtained when half of the fluid , deficit had been restored (ref. 31) : 
Several possible ways of viewing this result suggest 

themselves. It  is possible that, since some solute as  
well as water was lost, only enough water was required 
by the subject to render the concentration of the body 
fluids equal to their previous state. Another doubtful 
view is that the new content of the stomach or other 
portions of the alimentary tract is sufficient to allay 
thirst for the time being. It should be noted that the 
desire for water is assuaged before much of the water 
has been absorbed into the blood stream or any other 
tissue : and even after absorption has occurred only 50 
to 70 percent of the water deficit has been replaced 
within an hour. 

Also, pre-exercise ingestion of 1 1. of water Tas 
not excreted in the urine and when a dilute 
NaCl solution was drunk in place of water, the 
dilute NaCl was retained for several hours be- 
fore being required for sweat formation. 

Dill (ref. 32), commenting on the dry mouth 
theory of thirst, observed that although he lost 
2.8 kg of body weight during an experiment and 
had a dry mouth, 0.4 kg of water was enough to 
satisfy his thirst. 

Eichna et al. (ref. 12), in a study of perform- 
ance in various hot, humid environments, found 
that no subject voluntarily drank enough water 
to replace the losses in sweat. Furthermore, 
the feelings of thirst did not develop until con- 
siderable water deficits were incurred. On the 
first day of the study larger water deficits were 
observed than on succeeding exposures. As the 
exposure progressed, the voluntary water in- 
take during work increased and more nearly ap- 
proached the sweat loss. The increase in drink- 
ing resulted in smaller water deficits and an in- 
crease in performance. It was not clear 
whether the voluntary increase in water intake 
was due to the removal of symptoms masking 
thirst, an increased sensitivity of the thirst 
mechanism, or merely a learning of the need for 
water. It was also observed in the same experi- 
ments that: (a) the pattern of thirst changed 
drastically with acclimatization-the water def- 
icit on day 1 averaged 1 1. but was reduced to 
% 1. by day 5 ;  and, (b) when large quantities 
of water were required, there was a phase in 
which the subjects vomited after which they 
could drink and retain large amounts of water 
(ref. 33). 

i 
Molnar et al. (ref. 34), after comparing water 

balances of troops in the California desert and 
the Florida tropics, observed that in the desert 
the average 24-hr fluid intakes and sweat out- 
puts were twice as great as in the tropics, but 
the average urinary volume and urinary salt ex- 
cretion were the same in both environments. 
They concluded that water and salt intakes 
were increased in proportion to  the increased 
losses. Australian cane-cutters, working at 25' 
south latitude at about 32.2" C (90" F), had a 
mean fluid intake of 7.01-1-1.08 1. during the 
8-hr work period. Their average weight loss 
during this period was about 9.1 kg, about 2 kg 
more than the ingested water (ref. 35). 

The effect of climate on food and water intake 
has been investigated (ref. 36), and water in- 
takes were observed to be essentially the same in 
the temperature range -20.9" to $15.6' C. 
Above $15.6' C there was a sharp increase in 
were increased in proportion to the increased 
sweating. I n  the cold and temperate climates 
there was a relatively constant ratio of water to 
caloric intake; over 15.6" C this ratio increased 
markedly (ref. 36). A similar relationship be- 
tween ambient temperature and water consump- 
tion has been observed in infants as well as 
adults (ref. 37). 

People born and raised in arid regions seem 
to exhibit a much greater resistance to heat and 
hypohydration than people in Western civiliza- 
tions. There was some evidence that exposure 
to heat in infancy may improve heat tolerance 
in later years (ref. 38). Shaper and Spencer 
(ref. 39) cited instances where Samburu war- 
riors, in Northern Kenya, were sufficiently con- 
ditioned at  most times to walk 30 miles or more 
a day in the hot sun with little chance of finding 
water more than once. There are recorded in- 
stances where warriors traveled 70 miles a day 
under the same conditions. 

Burns (ref. 40) investigated the diet, water 
intake, and urine variables of the Ababda tribes- 
people living near the Marsa Alnm well in the 
Eastern Desert of Egypt near the Red Sea. 
The urine specific gravities of 71 percent of the 
people tested were in the 1.020 to 1.030 range. 
The specific gravity did not seem to be influ- 
enced by the time since the last drink of water. 
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Two of the subjects had had no water for 12 
hours-a remarkable period of deprivation in 
the d e s e r t a n d  their urine specific gravities 
were still in the 1.020 to 1.030 range. Ameri- 
cans, serving as control subjects, had urine 
specific gravities ranging from 1.030 to 1.041 
despite a liberal intake of water. The urine 
sodium, osmolarity, and total electrolytes were 
essentially the same in the control and native 
subjects, while nitrogen and potassium were 
considerably higher in the controls. The na- 
tives, then, when confronted with a diminished 
water intake, did not exhibit an increased urine 
specific gravity. The urine of water-depleted 
natives had lower specific gravities than that of 
controls drinking ad libitum. It is possible 
that the Americans were undergoing some de- 
gree of hypohydration. A more likely explana- 
tion is that the natives have adapted to the lack 
of water in much the same fashion as the desert 
travelers described by Chase (ref. 26). 

Involuntary hypohydration was evident in 
five resting men in flying suits undergoing 
thermal stresses of 46" C (115' F) and 54" C 
(130" F) (ref. 29). Two levels of water vapor 
pressure, 10 and 20 mm Hg, were employed at  
each temperature. All five subjects completed 
8 hours at 46" C, 10 mm Hg. The hypohydra- 
tion vas  approximately 3.5 percent of their 
body weight. I n  the other three experiments 
of 46-20, 54-10, and 54-20, the mean tolerance 
times were 4.4, 4.1, and 2.2 hours, respectively. 
The final hypohydrations were about 3 percent 
in each of the three experiments and the amount 
of heat stored per kilogram of body weight was 
essentially the same in each case. Thus, heat 
tolerance seems to be related to the time it takes 
to become water depleted to about 3 percent of 
the body weight. The h a 1  rectal temperatures 
were about 38.3" C (101" F) and heart rates 
were about 130 beats per min, neither of which 
would necessarily be incapacitating. The food 
intake was completely inhibited in the 54-20 
experiment and the water intake nearly so (39 
ml/hr) . During the other three experiments 
the food consumed averaged 180 g and the aver- 
age mater consumption was about 120 ml/hr. 

This negative mater balance in subjects per- 

forming in very hot environments is usually 
the rule rather than the exception (ref. 41). It 
appears that the lower limit of environmental 
temperature associated with this inhibition of 
drinking is 49O C. Kaufman observed the in- 
hibition during one of his 54.4" C (130" F) ex- 
periments but in neither of the 46O C (115" F) 
experiments. Greenleaf and Sargent (ref. 42) 
observed it in heat-acclimatized subjects previ- 
ously hypohydrated about 5 percent of the body 
weight walking at 6.4 km/hr at 49" C. A heat- 
acclimatized man with a water debt of 3 to 
3.5 1. responded to a heat-work stress much like 
a normohydrated unacclimatized man (ref. 43). 
It is clear that parameters other than tem- 
perature alone mitigate this inhibition of drink- 
ing. The highest water consumption in Kauf- 
man's study (225 ml/hr) occurred during the 
5P10 experiment. Various combinations of 
temperature (49" or 24O C) , exercise (6.4 km/hr 
or resting), and previous hydration (5 percent 
of body weight loss or ad libitum) resulted in an 
inhibition of water intake, roughly proportional 
to the degree of the total stress imposed (ref. 
42). Thus, such factors as heat, humidity, ex- 
ercise, and previous hypohydration may not 
grossly affect voluntary water consumption 
when encountered singly, but if taken in com- 
bination their effects may be considered additive 
and result in increasing inhibition of drinking. 

Involuntary hypohydration has also been 
observed in subarctic simulated survival situa- 
tions (ref. 44). A diminished voluntary intake 
during 5 days of starvation was the principal 
cause of water deficits because the urine volumes 
mere not increased above the control volumes. 
The days on which the involuntary hypohydra- 
tion was most severe were also the days of 
greatest sodium excretion. I f  greater amounts 
of water were taken during the periods of in- 
creased sodium excretion, the urine volumes 
were correspondingly increased and the final 
net water deficits were the same as the others. 
I n  5 days the subjects lost 15 percent of their 
extracellular fluid volume; it was an isotonic 
fluid loss. These observations strengthen the 
volume receptor theory of thirst (ref. 1). 

210-499--66-2 



6 INVOLUNTARY HYPOHYDRATION 

SALT AND FOOD INTAKE 
Arden (ref. 45) observed the reactions of his 

subjects after they drank 200 ml of a 10-per- 
cent NaCl solution. Thirst was evident after 30 
min and the mouth was becoming dry by the 
end of an hour. Saliva secretion ceased entirely 
in 2 hours, the mouth was parched and thirst 
was excessive. At  7 h r  after the salt was 
taken, thirst had almost disappeared and the 
mouth was moist, even though there was still 
a considerable amount of excess salt in the body. 
When 15 g of potassium was taken, there was 
no thirst. Arden suggested that thirst might 
be governed by the sodium ion alone. Subse- 
quent studies have not substantiated this hy- 
pothesis (refs. 46 through 48). 

Subjects undergoing starvation and offered 
water ad libitum following hypohydration re- 
tained only part of the water ingested even 
though considerable deficits were present. 
However, enough was retained to dilute the 
serum sodium slightly below its initial con- 
centration so that the body water became 
hypotonic (ref. 49). 

Baker, Plough, and Allen (ref. 46) presented 
evidence that voluntary water intake was rough- 
ly proportional to sodium chloride intakes of 
393 (11.8 g) and 530 (15.8 g) milliosmols per 
liter (mOsm/l.). With salt intakes of 803 and 
1104 mOsm/l., the water intake of 4 out of 6 
subjects was severely diminished. The fact 
that simple water deprivation delays rehydra- 
tion throws doubt on the hypothesis put forth 
by Smith (ref. 50) that rehydration follows salt 
replacement. I n  simple, uncomplicated hypo- 
hydration the salt content of the body would be 
normal or even slightly elevated (ref. 51) ; this 
elevation should stimulate drinking and nor- 
mal hydration should occur rapidly. This does 
not always happen (ref. 46). Thus, involun- 
tary hypohydration occurs with either an ele- 
vated or depressed serum salt concentration. I n  
an experiment to test the effect of salt replace- 
ment in reducing involuntary hypohydration, 
there was an increase in fluid intake and a de- 
crease in urinary volume but they were not 
considered st~tistically significant (ref. 52). 
However, Coller and Maddock (ref. 53) ob- 
served a patient who lost about 4 kg of water 

over 4 days and drank 6 1. of water during the 
first recovery day. 

McClendon (ref. 54), in experiments on 
normal men, observed that drinking water while 
fasting resulted in small changes in blood vol- 
ume; all of the ingested water was excreted 
within a few hours. When 400 g of glucose 
was taken with 2400 ml of water, there was a 
marked increase in blood volume due to water 
retention and an increase in body weight of 
about 1 kg. 

The effect of administering saline solutions 
for improving body water retention was con- 
firmed by Lee and Boissard (ref. 55) and Lee 
et al. (ref. 56). When the salt intake mas low 
(6 g/day) , men working in the heat and drink- 
ing mater ad libitum lost more than twice as 
much weight, drank less water, and sweated less 
than those on the moderate salt intake (15 
g/day). The low salt group ended the first 24 
h r  with hypohydrations of 2.5 percent of the 
body weight compared to a 0.77 percent deficit 
in the moderate salt group. Dill (ref. 32) and 
Nadal, Pedersen, and Maddock (ref. 57) also 
observed the failure of the thirst mechanism 
following a low salt intake. 

When 81 mine workers were queried concern- 
ing fatigue, sweating, headaches, and cramps, 
11 of the workers denied drinking any water 
during working hours. Several miners men- 
tioned that they consumed liberal amounts of 
salt a mealtime (ref. 58) .  Ladell (ref. 59) 
thoroughly investigated the effects of water and 
salt intake on performance in the heat, and one 
important conclusion was that subjective effects 
were more marked than objective effects in sub- 
jects on various salt and water regimes. 

A slightly larger mean involuntary hypohy- 
dration was observed in Indian subjects eating 
19 g of NaCl per day than in those eating 38 g 
during 8 hr  of work in the heat for 6 consecutive 
days (ref. 48). It was concluded that the high 
salt intake was unnecessary. 

A relatively constant ratio of food to water 
intake has been observed in humans. After 4 
days of refeeding, following acute starv a t' ion 
with hard work, the plasma and thiocyanate 
space volumes exceeded the control values by 
12 and 5 percent, respectively. This was evi- 
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dence that the recovery weight was due, in large 
part, to an increase in body fluids. Forty per- 
cent of the weight gained was accounted for by 
an increase of 2.4 1. in the thiocyanate space 
(ref. 60). Competitive lumberjacks reduced a 
good portion of their involuntary hypohydra- 
tion by drinking special mixtures of sugar and 
milk or other heavily sugared drinks during the 
work period. There was an average weight 
loss of 1.2k1.5 kg during the competition and 
that was largely made up a t  mealtime (ref. 61). 

SWEATING AND ELECTROLYTES 
When the magnitude of involuntary hypo- 

hydration is discussed, a comparison is usually 
made between the sweat loss and the time it 
takes to  drink an equivalent amount of water. 
Since the blood chloride remains constant or 
decreases slightly following heavy sweating, 
and the concentration of chloride in sweat is 
usually less than in serum, the serum chloride 
should increase following sweating because 
there is a relatively greater loss of water than 
chloride from the serum. Itoh (ref. 62) studied 
the effect of walking in the heat, without eating 
or drinking, on variations in sweat and urine 
chloride. Water was given ad libitum follow- 
ing the exercise, and a marked lag in rehydra- 
tion was noted. Itoh also emphasized that 
thirst varied considerably between individuals. 
Johnson, Pitts, and Consolazio (ref. 63) investi- 
gated the effect of ingested water on sweat chlo- 
ride and concluded that: (a) sweat chloride 
increased during work, (b) serum chloride in- 
creased when water was withheld and decreased 
after drinking, and (c) there was no apparent 
correlation between sweat and serum chlorides. 
They also found that sweat chloride decreased 
more after ingestion of saline solution than after 
an equal volume of water. 

During a steady state of water intake, the 
ratio of the rate of chloride excretion to the rate 
of excess water excretion is equal to the normal 
plasma concentration. When renal excretion is 
considered, the regulation of the plasma chlo- 
ride concentration takes precedence over the 
regulation of body volume (ref. 64). Thus, the 
body will hypohydrate itself to maintain a con- 
stant plasma chloride concentration. Smith 

(ref. 50) mentioned that after sweating, man 
quenched his thirst with a little water, and 
the total volume of body fluid was restored over 
a period of hours or days as the lost salt was re- 
plenished through the dietary intake. 

Another phenomenon associated with drink- 
ing, and possibly with the lack of it, is the out- 
burst of sweating that often follows water con- 
sumption. Lee and Mulder (ref. 28) made the 
following observations on the reaction : (1) The 
water must be swallowed ; rinsing out the mouth 
is ineffective. (2) Isotonic saline produces the 
same effect as water. (3) The onset of sweating 
begins within 3 min after drinking. (4) The 
outburst of sweating begins before there is any 
noticeable dilution of the blood. (5) The de- 
gree of response is roughly proportional to the 
amount of water ingested. (6) I f  food is taken 
with the water, the response is delayed and of 
lesser magnitude. 

Saito (ref. 65) observed the outburst of 
sweating in eight men and one woman after 
drinking water a t  5O, 36.5", and 50" C following 
2 hr of exercise or following a rest period. 
Sweating began immediately after drinking the 
50" C water and stopped within 15 to 25 min. 
I f  the subjects were sweating when the 5" C 
Tvater was taken, a sudden inhibition in the 
sweating occurred which lasted about 10 min. 
The sweating returned gradually during the 
ensuing 10 min, but there was no compensatory 
increase. The effects of drinking the 36.5" C 
water varied with the sweating condition of the 
subject. Nonsweating subjects showed no 
change but sweating subjects exhibited a transi- 
tory outburst. I f  the 36.5" C water was drunk 
following muscular exercise, a profuse outburst 
occurred which lasted about 30 min. The out- 
burst following the 50" C water consumption 
and the inhibition after the 5" C water con- 
sumption were attributed to  a reflex mechanism 
while the effects of the 36.5" C water consump- 
tion were ascribed to an increase in blood water. 

The state of previous hydration has also been 
suggested as a controlling factor in this sweat- 
ing phenomenon. After drinking 300 ml of 35" 
C water following intolerable thirst,, the subject 
felt hot, was flushed, and sweating was in- 
creased by 3 g/min and was maintained for 20 
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min. Carbonated water caused an even 
stronger reaction. I f  the subject was not 
thirsty, drinking caused a much milder sweat- 
ing reaction (ref. 66). Further, it was ob- 
served that ingestion of 1 1. of 0.9 percent NaCl 
solution inhibited sweating while subjects were 
in a steam bath but promoted sweating in the 
subjects a t  normal room temperature. Also, 
normal sweatina was increased and heavy 
sweating was inhibited by normal saline, while 
tap water had no effect upon normal sweating 
but greatly increased an already increased 
sweat secretion (ref. 67). This latter finding 
was confirmed by Marschak and Klaus (ref. 
68). 

It is entirely possible that the pharyngeal- 
satiating component of drinking was responsi- 
ble for the outburst of sweating following 
drinking. If  the shut-off mechanism for drink- 
ing were controlled by the amount of water 
passing the pharynx, it would be much easier to 
explain involuntary hypohydration. Thus, 
drinking would cease when a measured amount 
of mater was swallowed. The setting of the 
pharyngeal “flow-meter” might then be con- 
trolled by such things as blood osmolarity, gas- 
tric distension, the volume of body water, etc. 
Whether the outburst of sweating following 
drinking is related to involuntary hypohydra- 
tion or is just a by-product of drinking remains 
to be elucidated. 

Absence of thirst has been observed in pa- 
tients exhibiting hypernatremia and hyperos- 
molality of the body fluids (refs. 69 and 70). 
However, the latter case was complicated by a 
cerebral lesion. Avioli, Earley, and Kashima 
(ref. 71) described a case in which 2.5-percent 
saline was administered to an alert, ambulatory 
patient. The serum osmolality was raised to 335 
mOsm/l. and the sodium to 179 meq/l. and no 
thirst or other discomfort was present. Dia- 
betes insipidus was also present, which would 
tend to increase thirst. Some time later the pa- 
tient died. Postmortem study revealed wide- 
spread hypothalamic destruction. Thus, thirst 
accompanying serum hyperosmolality and hy- 
pernatremia seems to  depend upon hypotha- 
lamic integrity. 

There is no doubt that one of the principal 
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stimuli for thirst is the rise in serum osmolal 
concentration. 0 ther effective stimuli include 
extracellular volume changes, oral sensations, 
conditioned reflexes, and habit patterns (ref. 
72). 

HYPOHYDRATION 
Simple water deprivation can also lead to  in- 

voluntary hypohydration. Nadal, Pedersen, 
and Maddock (ref. 57) investigated the two 
types of water depletion, primary salt loss and 
water loss not accompanied by a corresponding 
loss of salt, and found that thirst was not pres- 
ent in both types. It was present only in the 
water-deprivation type and was often com- 
pletely absent in the extracellular or salt-loss 
t Y  Pee 

It was interesting to note that a change in 
hydration up to  2 percent of the body weight 
could occur without a corresponding change in 
salt or solid content. Rothstein, Adolph, and 
Wills (ref. 52) observed that “voluntary dehy- 
drations” of 2 to  3 percent were not uncommon 
in field tests. In some cases the failure to vol- 
untarily maintain water balance resulted in con- 
siderable hypohydration, even approaching de- 
hydration exhaustion. These levels of water 
loss led to fatigue, apathy, low morale, unwill- 
ingness and inability to undertake strenuous ac- 
tivity, and generalized discomfort. The impli- 
cation here was that perhaps water intake was 
regulated to within 2 percent of what it the- 
oretically should be if the salt concentration 
were the basis for measurement. 

I n  another study concerning only water de- 
pletion, Black, McCance, and Young (ref. 51) 
investigated two subjects who abstained from 
water for 3 and 4 days, respectively. They ate a 
dry diet adequate in protein, calories, and salt. 
Thirst was never unbearable, but the third day 
their voices became husky and they had diffi- 
culty swallowing. By the fourth day there was 
a suggestion of cyanosis around their lips. The 
appearance of ill-being vanished within a few 
hours once the subjects began to drink. Thus 
the symptoms of the hypohydration were re- 
moved long before restoration of the depleted 
body water was completed. “Many of the sub- 
jects lost all their desire to drink as soon as 
the first pint of fluid had been taken” (ref. 51). 
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Greenleaf and Sargent (ref. 42) also observed 
these same phenomena. It appeared that the 
body adapted in some fashion to the chronic 
water depletion. It has been observed that men 
drank less of the water they had lost after 
the second period of hypohydration than after 
the first (ref. 52). 

Rothstein, Adolph, and Wills (ref. 52) named 
and defined "voluntary dehydration" and stud- 
ied it in desert troops. Their work may be sum- 
marized as follows : (1) Voluntary dehydration 
occurs between meals and the deficit, if it is not 
too large, is made up a t  mealtime. (2) The 
voluntary dehydration measured in men march- 
ing, in tank crews, in ground crews, and in pi- 
lots was between 2 and 5 percent of the body 
weight. (3) Voluntary dehydration can be 
reduced if no meals are missed, if sufficient pure 
water is available, and if ample leisure is pro- 
vided between meals for the men to quench their 
thirst. (4) Unnecessary activity should be 
eliminated because sweating leads to a greater 
voluntary dehydration. (5) Men should be 
encouraged to drink more water than they feel 
they want. (6)  The greater the loss of body 
water, the greater the length of time needed 
to remove the deficit. It was suggested that 
hypohydration might become more insidious as 
the day passes if the body adapted to the water 
deficit. 

Wills (ref. 73) suggested that the capacity 
of the stomach prevented rapid rehydration. 
I n  29 paired tests, within 2 hr after completion 
of the marches, those who had marched with- 
out any water reduced their deficits of body 
weight equal to those drinking ad libitum dur- 
ing the marches. The men drank rapidly dur- 
ing the fist 15 to 20 min of the rest period. 
Their total loss of water was replaced if it 
was not greater than 2 percent of the initial 
body weight. Any residual deficits were made 
up with meals. Cool water mas the most pre- 
ferred drink. Flavored drinks, warm water, 
and salted water were less palatable. 

Sohar, Kaly, and Adar (ref. 74) and Sohar, 
Gilat, Tennenbaum, and Nir (ref. 75) marched 
19 physically fit young men from Eilat, in the 
south of Israel, to Metulla in the north, a dis- 
tance of 370 miles, in 24 days (including 3 
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days of rest) during August 1959. The men 
averaged about 17 miles per day carrying a 35-lb 
load. Involuntary hypohydration could be 
reduced by providing a cold, sweetened, fruit- 
flavored drink, as well as cool water. Beer, 
milk, and carbonated beverages were not suit- 
able for drinking in large quantities. It was 
decided that the temperature of the drinks 
should be 10" to 12.8" C (50" to 55" F ) .  In- 
voluntary hypohydration was further reduced 
by providing rest periods of 20 to 30 niin after 
having the men march 2 to 3 hr. These rest 
periods allowed more time for drinking than 
the usual 10-min rest per hour employed by the 
military. Starkenstein (ref. 67) suggested that 
not only the salt content, but also the p H  of 
the drinking water was an important consid- 
eration when considering a rehydration fluid. 
He  showed that (1) the degree of acidity of 
drinking water had an inverse relationship to 
the body's ability to retain it ; and (2) the p H  
does not inhibit the retention ability of saline. 
H e  inferred that the best rehydration drink 
would contain a salt concentration slightly 
lower than 0.9 percent and have a p H  about 6.0. 
These results were essentially confirmed by 
IlzhGfer and Brack (ref. 76) under exercise 
conditions. 

Leithead and Pallister (ref. 77) and Leithead 
(ref. 78) studied the relation between hypohy- 
dration and sweating during the heat accli- 
matization of 18 fit men of the Royal Air Force. 
The daily fluid intake of their subjects aver- 
aged 6 to 7 pints per man, not enough to main- 
tain circulatory stability, nor a satisfactory 
urine output. The water supply was located 
across the compound in the mess-hall; most of 
the men preferred to stay in their barracks and 
endure the thirst, thus accentuating their water 
deficit. Further, the authors concluded that 
hypohydration caused a reduction in sweating, 
both on the basis of their own data and after a 
critical review of the literature. Thus, invol- 
untary hypohydration possibly takes on another 
dimension. Ellis et al. (ref. 79) and Ellis, 
Ferres, and Lind (ref. 80) obtained results 
similar to Leithcad and Pallister in that in- 
creased consumption of water produced more 
sweat and less water produced less sweat. The 
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greater the amount of cool water consumed, the 
slower the rise in the rectal temperature and 
the longer time resting subjects could endure 
an environment of nearly saturated air a t  
37.4" C (99.4" F) . 

Yoshimura et al. (ref. 81) had a unique op- 
portunity to study a Buddhist bishop, Soken 
Enami, 46 years old, who underwent complete 
food and mater deprivation for a period of 8 
days during religious rites. The rites were 
divided into three parts. The first lasted 100 
days during which time the priest ate vegetable 
food composed mainly of potato, buckwheat 
flour, and other vegetables except cereals. On 
the first day of the starvation period which fol- 
lowed the 100-day dietary period, he ate 2 meals, 
morning and noon. Then complete starvation 
commenced and continued to the ninth day. 
During this period he performed his religious 
functions and prayed before a large fire for 
about 90 min/day. The remaining time was 
spent resting and sleeping in his bed. The 
priest rinsed his mouth with water when severe 
thirst occurred, but all the water was spewed 
out. The third part of the rites, the rehabilita- 
tion period, commenced on the morning of the 
ninth day. First he drank a cup of water con- 
taining wood from Magnolia ouovata, then some 
"amazake" (a Japanese hot drink consisting of 
steamed wavy rice granules cultured with As- 
pergiilus orysae; this was added to a rice gruel 
and heated at 60" C for several hours). Thus, 
he gradually increased his food and drink and 
was rehabili tated. 

Conspicuously absent from the report was the 
mention of the priest gorging himself with 
water on the ninth day. The self-discipline of 
such ,z person would have precluded such a dis- 
play ; it is entirely possible that he simply was 
not very thirsty after his first few drinks. 
There vas a gradual increase in the water and 
food consumption during the recovery period. 
The calmness and self-control of Bishop Enami 
was in marked contrast to the reactions of Cap- 
tain Nolan's men who were without water for 
3 days in the Texas desert (ref. 82). They could 
not refrain from gulping down water which was 
promptly vomited. The same thing occurred 
when they tried to eat dry food. It is clear 

that mental and physical quietude is essential 
for adaptation to total starvation and hypo- 
hydration. It is recognized that the two envi- 
ronmental conditions were not directly com- 
parable; the desert imposed a much greater 
stress on the body water than the environment 
in the Buddhist's temple. One cannot help won- 
dering what effect a real survival situation, as 
compared with a controlled situation offering 
no danger, has on the sensation of thirst and 
the physiological reactions during rehydration. 

GASTROINTESTINAL FACTORS 
The gastrointestinal system is important in 

tb control of water balance. All ingested 
water must be absorbed by this system before 
entering the body tissue. Salivary secretions 
(ref. 83), pharyngeal movements (ref. 84), 
and stomach distension (ref. 73) have all been 
implicated in the thirst activation and satiation 
mechanisms. 

Wilks (ref. 85) cited three patients who had 
intense thirst as a result of displacement of the 
stomach due to a diaphragmatic hernia. The 
patients filled their stomachs with water, and 
they drank still more. Exercise also influences 
the emptying time of the stomach. The aver- 
age emptying time was 37 min longer resting 
than walking (ref. 86) ; running slowly for 2 to 
3 miles retarded the secretion of gastric juice 
and decreased the rate of emptying, whereas 
walking increased emptying; walking with a 
friend and talking further hastened emptying, 
emphasizing the importance of emotional fac- 
tors in digestion (ref. 87). The amount of ex- 
ercise needed to delay digestion varied with the 
physical fitness of the subject, and i t  was con- 
cluded that the retardation in digestion was 
proportional to the amount of distress caused by 
the exercise (ref. 88). Compared with water, 
an equal volume of 50-percent dextrose solution 
did not change the emptying time of the stomach 
at  rest or after mild exercise (ref. 89). 

Gastric emptying time was faster a t  48.9' C 
(120O F) than a t  2 5 O  C (77" F) in resting 
men and was not changed if the subjects exer- 
cised a t  the higher temperature (ref. 90). Fol- 
lowing ice water ingestion, the average empty- 
ing time of the stomach was delayed 30 to  45 
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rnin (ref. 91). Relatively large quantities of 
water (1000 ml) taken with meals had no sig- 
nificant effect on gastric emptying time (ref. 
92). 

Failure to absorb water fast enough from the 
alimentary tract was postulated as a factor caus- 
ing involuntary hypohydration in man (ref. 
93). The average time for absorption of deu- 
terium oxide (D,O) from the stomach of 
healthy, resting subjects was 34.2 rnin for 67 
percent and 54.2 min for 95 percent of the ad- 
ministered dose; from the small intestine the 
average time was 3.7 and 10.0 rnin for 67 and 90 
percent, respectively (ref. 94). This differ- 
ential rate of absorption was also observed using 
varying concentrations of NaCl. Hypertonic 
saline failed to influence the rate of absorption 
of water in the stomach, but significantly re- 
tarded absorption in the small intestine (ref. 
95). Deuterium oxide passed from the small 
intestine into the blood stream about twice as 
fast as radiosodium; both were absorbed rap- 
idly-67 percent of the D,O in 7 rnin and the 
same amount of radiosodium in 10 min (ref. 
96). The rate of absorption of both D,O and 
radiosodium was significantly reduced f ollom- 
ing the intravenous injection of methantheline 
bromide (Banthine) . The reduced absorption 
was attributed to a diminution of the absorb- 
ing surface to which the isotopes were exposed 
due to the hypomotility produced by the drug 
(ref. 97). Water is also exchanged in the large 
intestine. The mean flux out of the lumen was 
approximately 7.8 ml/min and the flux into the 
lumen was 6.0 ml/min. The net flux into the 
circulation was 1.8 ml of water, 0.28 meq of 
sodium, and 0.39 meq of chloride per minute 
during constant perfusion of the colon (ref. 
98). 

Salivary flow is definitely related to thirst 
and drinking (refs. 83 and 99) but its relative 
importance to the total mechanism has not been 
established. However, persons with congenital 
absence of salivary glands experienced thirst, 
did not have a n  increased water consumption, 
and seemed to have a normal water and salt 
metabolism (refs. 100 and 101). These findings 
would indicate that the salivary glands are not 
the most important mechanism of thirst, but 

they cannot be dismissed entirely because com- 
pensatory mechanisms might have come into 
play in the subject with no glands. Intrave- 
nous injection of 5-percent NaCl was associated 
with a reduction in salivary flow and severe 
thirst ; the plasma and extracellular volumes in- 
creased 5 to 10 percent. Drinking 400 to 600 
ml of mater 20 to 30 min prior to the salt injec- 
tion alleviated the thirst and reduction in sali- 
vary flow caused by the salt injection even 
though the same increase in the plasma and ex- 
tracellular volumes was observed (ref. 102). 
These observations suggest that osmotic 
changes are not the only factors influencing 
thirst and that volume changes must also be 
considered. 

Part of the satiation mechanism might be ac- 
tivated by muscular aotivity in the esophagus. 
Hypohydrating men exhibited an increasing 
activity of the esophagus that disappeared after 
they swallowed a few times (ref. 84). 

RECAF'ITULATION 
Thus, many parameters, heat, cold, exercise, 

food, sweating, water depletion, electrolyte 
changes, and gastrointestinal factors, are seen 
to be related to drinking and involuntary hypo- 
hydration. 
1. Involuntary hypohydration usually occurs 
after a water loss of about 2 percent of the body 
weight. The more water lost, the longer the 
time needed for complete replacement. 
2. Drinking is greatest immediately after exer- 
cise rather than during exercise; drinking is 
also increased during rest periods, especially at 
mealtime. Cool water is usually preferred to 
warm water; citrus fruit drinks show varying 
degrees of acceptance. Salt water, milk, alco- 
holic and carbonated drinks are not well toler- 
ated in the heat. However, Finnish lumber- 
jacks drink sugared milk during their work. 
3. Drinking is closely related to  food consump- 
tion. Following starvation, water intake par- 
allels food intake. Most of the liquid con- 
sumed during fasting is excreted, probably due 
to sodium depletion. Following hypohydra- 
tion and starvation, the qust~i%y of water re- 
tained is just enough to make the body water 
slightly hypotonic. I f  glucose is added to the 
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water, more water is retained, principally in the 
extracellular fluid. 
4. There may be some adaptation to water 
loss-less water is consumed in successive pe- 
riods of hypohydration. 
5. The climatic effect on the increase in water 
consumption is due to increased water loss in 
the heat. Involuntary hypohydration is usu- 
ally observed after exercise in the heat. Water 
intake is roughly proportional to the daily max- 
imum temperature above 15.6" C. Acclimati- 
zation to heat seems to increase the water intake. 
At  the same effective temperature, thirst is less, 
and involuntary hypohydration is less in a hot- 
wet environment than in a hot-dry environment. 
6. Thirst following saline intake subsides after 
about 8 h r  although the excess salt is retained in 
the body. Intravenous injection of a 5-percent 
NaCl solution decreases salivary flow and in- 
creases thirst ; preinjected water diminished this 
reaction. Saline is retained longer in the body 
than plain water. Involuntary hypohydration 
occurs following both loss of salt and not water 
and loss of water but not salt. I f  both salt and 
water are lost simultaneously, replacing the 
salt does not alleviate involuntary hypohydra- 
tion very much. Water intake follows salt in- 
take up to 15 g/day; higher salt intakes can 
depress drinking. Water and salt intake in- 
crease, approximately, in proportion to the 
losses, but the rate of rehydration is constant 
and independent of the level of hypohydration 
attained. 

7. Following potassium ingestion, thirst is not 
increased as it is following sodium ingestion. 
Serum chloride decreases after drinking. The 
regulation of plasma chloride takes precedence 
over the regulation of body volume. 
8. Hyperosmotic serum is not associated with 
thirst if there is specific hypothalamic destruc- 
tion, and hypothalamic integrity seems to be 
necessary for the manifestation of thirst. 
9. Water gulped in large drafts seems more sat- 
isfying than small drafts. Large amounts of 
water drunk rapidly may cause vomiting. 
However, once the initial vomiting is over, large 
drafts can then be consumed and retained. 
10. The capacity of the stomach may cause in- 
voluntary hypohydration. Hard exercise and 
emotional conditions delay gastric emptying ; 
mild exercise facilitates emptying. The higher 
the level of physical fitness, the greater is the 
intensity of the exercise needed to delay gastric 
emptying. Gastric emptying is faster at  48.9" 
C ( 1 2 0 O  F) than a t  25" C (77" F). Ice water 
delays emptying. Large quantities of water 
taken with meals have no delaying effect. 
11. Water is absorbed much faster from the 
small intestine than from the stomach. I n  the 
small intestine, water is absorbed twice as fast 
as sodium. Hypertonic saline has no effect on 
the absorption time in the stomach, but it sig- 
nificantly retards absorption in the small intes- 
tine. Decreased motility of the small intestine 
also delays absorption. 



INVOLUNTARY HYPOHYDRATION IN ANIMALS 
DOGS 

This material will be presented and dis- 
cussed under the following headings : the 
drinking pattern, neuroendocrine factors, elec- 
trolyte variations, hemorrhage, heat and hypo- 
hydration, exercise, gastrointestinal factors, 
and food intake, followed by a recapitulation. 

Drinking Pattern 

Drinking rarely occurred before the dogs lost 
0.5 percent of their body weight (ref. 103). A 
deficiency of body water appeared to be the chief 
factor in inducing drinking, not the time that 
lapsed during its loss. The amount of water 
drunk was accurately proportioned to tlie water 
deficit a t  each draft even though there was lit- 
tle absorption before drinking ceased. The 
authors presented the concept that the state of 
hydration was continually oscillating about the 
point of water balance. The amplitude of this 
oscillation was quite constant and the period 
varied with the rates of water exchange, the 
latter being influenced by changes in the rates 
of catabolism or sudden additions of food. 

Fistulous dogs, hypohydrated at  least 2 per- 
cent of their body weight, sham-drank enough 
water to equal the deficits every 40 min (ref. 
104). The velocity of drinking in fistulous dogs 
\vas nearly constant during the periods of con- 
tinuous drinking and the intervals between 
drinks were characteristic of each animal (ref. 
105). Further, normal dogs, when deprived of 
water, satisfied their thirst with a single draft 
in less than 5 min and exceeded the water defi- 
cit by less than 17 percent-that is, they always 
overhy drated. 

Bellows (ref. 10G) confirmed Adolph's find- 
ings (refs. 104 and 105) concerning the time 

factors and individual drinking patterns in 
fistulous, hypohydrated dogs. Two additional 
factors were brought out conceriiiiig the satis- 
faction of thirst: an excessive amount of water 
passing through the mouth and pharynx coii- 
ferred immediate but temporary satisfaction, 
and repetitious drinking and swallowing was 
inhibited when the water entered tlie gut. It 
was postulated that permanent satisfaction was 
conferred by processes operating lower in tho 
gut (ref. 106). 

Neuroendocrine Factors 

Kormal dogs and those with diabetes in- 
sipidus showed no alteration in their drinking 
responses following anesthesia of the pharynx, 
and resection of the olfactory, trigeminal, and 
glossopharyngeal nerves (ref. 107). I n  aclcli- 
tion, the effects of vagotomy and sympathec- 
tomy on drinking mere investigated by Towbin 
(ref. 108) to define the role of the gastric disten- 
tion factor (ref. 109) in controlling water 
intake. Vagotomy caused the dogs to increase 
the volume of their drinks. This would be ex- 
pected if the vagi carried afferent distention 
stimuli. I f  the stimulus to stop drinking were 
abolished, the shutoff mechanism would tend 
to be sluggish and the dog would tend to orer- 
slioot his usual water intake. Thoracic sympa- 
thectomy had the opposite effect of vagotomy. 
During the control periods it vas  observed that 
the clogs tended to drink the same amount of 
water with each draft. The volume was not 
grossly affected by environmental temperature, 
total food or water intake, or small changes 
in body weight. The total water coiisumptioii 
per day was controlled by varying tlie nnniber 
of drinks. 

210-109--FG-- 3 
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Thyroid feeding (16 to 80 g/day) increased 
fluid intake five to eight times that of tlie con- 
trol periods, and, in most instances, tlie drink- 
ing was greater (by 2 l./wk) with isotonic saline 
than with water (ref. 110). 

Following NaCl injection, the only way pi- 
tressin affected sham-drinking was to delay its 
onset by 10 to  20 min (ref. 106). Barker, 
Adolph, and Keller (ref. 111) concluded that 
hydropenia ( 5  percent) and hyperchloria ( 10 
mM NaCl/kg) did not affect drinking in the 
same manner : (a) Drinking after hydropeiiia 
was enhanced by pitressin, drinking after hy- 
perchloria was not; neurohypophyseal lesions 
acted like pitressin. (b) Pitressin alone was 
not a stimulus to drinking. (c) The stalk of 
tlie hypophysis was not the only pathway of 
gastric influence because the overdrinking dog 
was still subject to inhibition from gastric fill- 
ing (ref. 111). Their dogs with lesions pre- 
sented an abnormality of drinking that was in- 
dependent of urinary excretion. 

Ablation of the ventral anterior hypothaln- 
mus led to polydipsia, but if the lesions were es- 
tended dorsolaterally, adipsia resulted. After 
the dogs became severely water depleted, they 
refused plain water. I f  the water was baited 
slightly with meat juice or milk, tho animals 
drank ravenously ; they perceived the baited 
water as food but not as water (ref. 112). 
This latter finding was confirmed by Anderson 
and McCann (ref. 113) who also found no cor- 
relation between the absence of drinking and 
diabetes insipidus. The degree of depressed 
drinking was proportional to the size of the hy- 
pothalamic lesion. These two studies further 
support the role of the hypothalamus in the con- 
trol of water intake. 

Higher brain structures also exert an influ- 
ence on water intake. Amphetamine (1 mg/kg 
of body weight) will inhibit the urge to eat and 
drink in the normal dog after an intravenous 
injection of 20 ml of a 20-percent NaCl solu- 
tion. This was no longer the case in three out 
of five dogs after “prefrontal lobotomy.” The 
lobotomy alone did not reduce normal drinking 
or the amount of water consumed aft,er injed- 
ing hypertonic saline (ref. 114). 

Electrolyte Variations 

Much work has been done on electrolyte vari- 
ations and water intake. Darrow and Yannet 
(ref. 115), studying dogs, rabbits, and monkeys, 
described two phenomena which have been in- 
corporated into the osmometric theory of thirst. 
The first involved the loss of extracellular elec- 
trolyte with little change in total body water. 
This condition induced symptoms and signs of 
hypohydration, although there was no water 
loss. It was postulated that some of the extra- 
cellular water shifted into body cells. I n  the 
second condition there was an increase in extra- 
cellular electrolyte with little change in total 
body water. Here, only thirst mns evident be- 
cause water had shifted from body cells into the 
extracellular spaces. These, and similar obser- 
vations on man by other investigators, led to tlie 
ides that the thirst mechanism could be ex- 
plained by the degree of cellular hydration (os- 
mometric theory). 

After the hypohydrated state had been pro- 
longed for 7 days, tlie following additional ob- 
servations were made : The signs and symptoms 
of hypohydration persisted until the NaCl de- 
ficit was replaced. Dogs with large salt deficits 
refused to eat; other dogs in similar condition 
vomited if food was in the stomach when the 
electrolytes were removed. Oliguria was pres- 
ent for about 24 hr, and no water was drunk 
during that time; when urine flow was re-estab- 
lished, water intake and urine output npproxi- 
mated that of a starvation conditioll. The 
signs and symptoms of hypohydration were un- 
affected, in spite of the comparatively normal 
fluid intake. 

1. Hypohydration is a phenomenon which does 
not involve body water alone. 
2. Diuresis does not develop under certain 
conditions characterized by a relative excess of 
water in relation to electrolyte. 
3. Thirst is not an obligatory accompaniment of 
hypohydration. 
4. Water intake and urine output may be nor- 
mal in the presence of hypohydration (ref. 116). 

Gilman (ref. 117) advanced the osmometric 
concept of thirst one step further. After inject- 

It was concluded that : 
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ing 2.5 ml/kg of either 20-percent NaCl or 40- 
percent urea, he found that despite an identical 
rise in blood osmotic pressure, the fluid intake 
15 min after sodium chloride administration 
was 32 ml/kg, over h i c e  that following urea. 
After NaC1, the blood osmotie pressure re- 
turned to normal within an hour; after urea, the 
voluntary water intake was so low that the 
osmotic pressure remained elevated for some 
time. Gilm‘an concluded that cellular hypo- 
hydration, as opposed to an increase in cellular 
osmotic pressure per se, is the stimulus of true 
thirst. 

Bellows (ref. 106) extended Gilman’s obser- 
vations. After NaCl injection, sham-drinking 
started immediately and reached a maximum 
in 10 min; after urea, the instigation of sham- 
drinking was delayed 10 to 15 min. Thus, intra- 
venous injections of NaCl led to immediate 
drinking of a sufficient quantity of water to 
lower the blood osmotic pressure to normal 
within 1 hr, while injected urea delayed the 
onset of drinking much smaller quantities of 
water so that the osmotic pressure remained 
elevated for an extended period of time. Since 
the NaCl and urea were isosmolar solutions, 
elevation of osmotic pressure was not the mech- 
anism controlling water intake. 

The type of osmol seemed to be important as 
well. Remington, Parkins, and Hays (ref. 118) 
stressed the importance, not only of the extra- 
cellular electrolyte levels, but also the intracel- 
lular uolu?ne. Dogs maintained on a salt-free 
diet did not drink while their intracellular 
fluid ~ o l u m e s  were maintained above normal by 
intraperitoneal glucose injections. Drinking 
returned when the intracellular volumes were 
reduced toward normal. Intake then rose to 
polydipsic levels, but extracellular volumes were 
not restored to the pre-experimental levels until 
sodium chloride was given. 

Some additional observations that tended to 
discredit the osmometric theory but extended 
our knowledge of thirst and drinking were put 
forth by Holmes and Gregersen (refs. 119 and 
120) and Holmes and Cizek (ref. 121). I n  the 
course of experiments with intravenous injec- 
tions of hypertonic solutions in dogs, Holmes 
and his colleagues observed that : (1) With equal 

doses of salt, there were large individual varia- 
tions in the duration of drinking and the amount 
of water ingested. (2) Each dog had his own 
characteristic response pattern that was con- 
sistent from day to day. (3) The volume of 
mater ingested was not related to the amount 
of mater necessary to  dilute the injected salt to 
isotonicity as suggested by Gilman (ref. 117). 
(4) I f  water were placed in the stomach 30 min 
before the test, drinking did not occur. (5) If 
water were placed in the stomach at  the time of 
the test, drinking did occur; this was probably 
due to absorption. (6) I f  the initially ingested 
water were withdrawn through a gastric fistula, 
drinking began again within 5 min. (7) De- 
nervation of the stomach did not alter the drink- 
ing response. (8) Pitressin given before the 
salt injection delayed the onset of drinking; this 
confirmed Bellows’ observations (ref. 106). 
(9) Sorbitol and sucrose were as effective as 
NaCl in eliciting drinking; glucose was much 
less effective. (10) The drinking responsewas 
the same whether the dog was given water a t  
once or at the end of 1 to 4 hr. (11) The rela- 
tion between the increase in serum sodium con- 
centration and the water intake may be different 
in different dogs. The drinking response to a 
test solution, composed of 50-percent glucose 
combined with 10-percent NaCl, was the same as 
that obtained with 10-percent NaCl alone. 
Osmotically equivalent solutions of sodium sul- 
fate, sodium acetate, and sodium chloride were 
administered to evaluate the chloride ion as 
a stimulus. The drinking responses to the three 
solutions were essentially the same. After the 
injection of 20-percent NaCl, three dogs each 
drank twice as muoh of a n  0.8-percent saline 
solution as of plain water. The saline drinking 
was completed long before the ingested fluid 
produced measurable changes in the concentra- 
tion of the Serum electrolytes. It can be con- 
cluded that thirst is not specifically regulated by 
the blood sodium or chloride concentrations. 

The observation that some dogs showed de- 
creased drinking following extracellular elec- 
trolyte depletion by peritoneal dialysis mas 
probably due to the general depression follow- 
ing such procedures and not to cellular over- 
hydration (ref. 122). Following salt loading, 

, 
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dogs differed in their excretion patterns as m-ell 
as in their trater intalies. Two types of regu- 
lating mechanisms were observed : maxinial 
internal regulators corrected any imposed iin- 
balances iiiainly by drinking ; and minimal 
internal regulators excreted large volumes of 
dilute urine. The kidneys do not serve as thirst 
receptors because dogs both ~vi th  and without 
liidlieys (ref. 123) will drink the same ainount 
of mater after a salt load. 

Following injections of hypertonic saline, 
procaine liad little effect on water intake and 
bilateral section of the vagosympatlietic trunk 
in the neck and complete sympathectomy did 
not influence the latent period or volume drunk 
(ref. 12-1). Tlie volume and injection speed of 
the hypertonic saline influenced the drinking 
responses. Smaller closes injected over a longer 
period of time diminished the water intake and 
the responses became more consistent (ref. 125). 

Holmes aiid Montgomery (ref. 126) postu- 
lated a meclianism for the satiation of tliirst in 
dogs : 

Passage of fluid through the iilouth aiid uplwr esoph- 
agus temporarily relieves thirst for approximately 
10-20 minutes. Tlie presence of fluids in the stomach 
satisfies thirst and iiihibits drinking for a period start- 
ing after about 20 minutes and lasting 1-2 hours. Thc 
gastric factor in satiation of thirst seems definitely to 
be related to distention of the stomach, presiiniably 
affecting "pressure receptors". I t  is not affected ap- 
preciably by the type of fluitl introducccl into the 
stomach. Tlic absorption and ewntnnl redistribution 
of fluids in the body presiiniably would confer perma- 
nent satisfaction of thirst after 1-2 hours. The inecha- 
nisni by which this is accomplished or the  time interval 
required need to be established. The effect of absorp- 
tion and distribution of fluids in satisfying thirst might 
be mediated either through osnio or volume receptors, 
or tlironpli effects on the salivary glands. The results 
of these cy)eriments would indicate that  fluids intro- 
duced directly into the blood cannot substitute for  the 
gastric factor in the satisfaction of thirst a t  least for 
the 1st hour and probably for periods up to 2 hours 
nfter ingestion. 

IIcmorrhage 

Another coiidit ion that will affect water in- 
take is heiiiorrliage. A fluid intake of 250 ml 
for  12 hr preceding hemorrhage was increased 
to 755 in1 for 12 hr following tlie loss of 470 in1 
of blood (ref. 127). However, IIoIrnes and 
Montgomery (ref. 128) observed tliat follo\ring 

liemorrhage, thirst occurred only when associ- 
ated with shock. 

Heat and Hypohydration 

The effect of heat on the water intake in dogs 
was studied by Flinn (ref. 129). The purpose 
was to apply the experimental results from dogs 
to furnace workers employed in the glass indus- 
try. I n  the dogs ad libitum water drinking 
kept the body temperature down, allom-ed no 
change in the alkali reserve, and kept the blood 
sugar concentration and the blood solids from 
rising. The dogs were able to maintain their 
body weights within 3 percent during 4 hr at 
50' C while drinking water at 30" C. It was 
noted that dogs were more severely affected at  
those high temperatures than the furnace 
workers. 

Dill, Bock, and Edwards (ref. 130) obserretl 
the same phenomenon. When water was talien 
ad libitum by man aiid dog, during a long walk 
in the heat, the dog maintained its body weight 
but tlie man progressively lost weight. That 

in the man. The difference in water intake W:H 

attributed to the salt loss in the man. The 
serum chloride concentration in both the man 
and dog remained essentially constant. Pre- 
sumably, enough water was clrunli to maintain 
a constnnt chloride concentration. Since the 
man mas losing salt in his sweat, lie drniili 1 ~ s  
water as time went on. 

Dogs exposed to 48" C for 4 hr  did not driiili 
enough water to maintain their coiitrol body 
weight (refs. 131 and 132). Tlie drinking pat- 
tern varied with the time of exposure. lhrin!: 
2-111- exposures the total Jvater intnlce \vab tlic 
same wliether water was clrunk ad libitum dur- 
ing the exposure or taken after the exposure 
was completed. During a 4-hr exposure, tlie 
quantity of water drunk was larger after tlie 
exposure compared with ad libitum drinking 
during the exposure. Two-hour 1iypohydr;~- 
tions affected primarily the volume of the extra- 
cellular compartment whilo the 4-lir Ilypolly- 
drations depleted both intracellnlar :~nd  extra- 
cellular spaces (ref. 132). This would indicato 
tliat the intruceIIuIar hypohydration 1)rob:LUly 

was an example of involuntary hypohydr a t '  1011 
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caused the increased water intake after the 4-111- 
exposure. 

Shek (ref. 133) found that the rate of absorp- 
tion from the small intestine was inversely pro- 
portional to tlie rectal temperature. An 
increase by 3" C or more considerably reduced 
the intensity of absorption in all the experi- 
ments. The dogs were, on the average, 2.0 to 
3.5 percent water depleted during the above ex- 
periments. Stickney, Northup, and Van Liere 
(ref. 134) noted that only severe hyperthermia 
caused a significant reduction in the motility of 
the small intestine ; strenuous exercise, culci, 
pain, hypohydration, and moderate hyperther- 
mia were ineffective. 

During Iiigh-temperature stress there was an 
increase in urinary potassium through tubular 
secretion, which might be a compensatory 
adjustment of the intracellular osmotic equi- 
librium due to the rapid water loss (refs. 135 
and 136). D~iriiig hypohydration, urinary 
sodium and chloride, after an initial rise, fell 
in both concentration and tot a1 quantity (ref. 
137). After anesthetized dogs were exposed to 
49' c for 3 to 4 hr, the glomerular filtration 
rate and renal plasma flow fell significantly in 
both the hydrated and hypohydrated conditions. 
This fall was due to a slight decrease in the 
mean systemic blood pressure combined with a 
progressively increasing iiitrarenal resistance 
(ref. 138). It would seem that heat exerts its 
influence independently of the degree of bodily 
hydration and that the kidney has difficulty in 
compensating for the changes. 

Exercise 

Muscular exercise has been shown to inhibit 
water intake. Two dogs, running on a tread- 
mill for 90 min at  12 kni/hr, did not drink 
enough mater to compensate for their weight 
loss (ref. 139). The same results were observed 
following running for 90 min at 9 km/hr at 30" 
to 36" C. However, when the dogs were al- 
lowed to drink after a heat exposure without 
exercise, the time that water was offered signifi- 
cantly influenced the water intake. I f  mater 
mere provided only at the end of the 60- to 120- 
niin heat exposure, the dogs drank mater ap- 
proximately equal to their weight loss. I f  

water were given only at the end of each 30-min 
period, the dogs drank about 14 percent more 
water than their weight loss. I f  water were 
allowed ad libitum, the dogs drank about 28 per- 
cent more water than their weight loss (ref. 
139). Since dogs exposed (1) only to heat 
overdrank and (2) only to  exercise underdrank, 
a reasonable inference is that exercise is domi- 
nant over heat. in determining water intake. 
I n  men it was also observed that exercise and 
hypohydration are more effective in inhibiting 
drinking than is heat (ref. 42). 

Gastrointestinal Factors 

Another factor that must be considered is 
tlie effect of exercise on gastrointestinal func- 
tions. Muscular exercise had a marked inhibi- 
tory effect on gastric stimulation, whether 
induced by histamine or by food (ref. 140). 
The inhibitory condition could be transferred 
by a blood transfusion from an exercising dog 
to a resting one. Shek (ref. 141) could detect 
no cliange in distilled water absorption after 
dogs ran 60 to 90 min a t  9 to 9.5 km/hr. No 
absorption of isotonic saline was observed 
eitlier in the resting state or after muscular 
work. Crisler et al. (ref. 142) reported, "An- 
oxemia of grades of 10 percent oxygen or  less, 
in barbitalized dogs, causes inhibition of gas- 
tric digestive motility as indicated constantly 
by a decreased amplitude of contraction and 
frequently by a fall in tone." Further studies 
must be made to  clarify the relationship be- 
tween exercise and gastrointestinal functions. 

The role of the salivary glands in the thirst 
mechanism in dogs is controversial. Mont- 
gomery (ref. 143) found that after total extir- 
pation of the salivary glands the average daily 
i d e r  intake was not increased. The buccal 
mucosa remained in a rather moist condition. 
Gregersen and Cannon (ref. 144) extirpated 
the salivary glands and tied off the parotid 
ducts and found an increase in water intake fol- 
lowing 1 to 2 h r  of panting. Thus a dry mouth 
was associated with increased drinking while a 
moist one mas not. 

Stomach distension reduced the volume and 
frequency of sham-drinking (ref. 109) and de- 
creased the water intake following intravenous . 
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injections of 20-percent NaCl (ref. 145). I f  
the distention (balloon) was introduced 40 min 
before the salt injection and then deflated when 
the salt was injected, drinking was delayed up 
to 1 hr. The inhibition of drinking did not 
occur if the stomach was distended for only I, 
min. Cocainization of tlie stomach abolished 
tlie inhibition of drinking caused by the stretch- 
ing of the stomach (distension inhibition) (ref. 
146). Hypohydrated dogs transferred four to  
eight times as much fluid from the stomach to 
the duodenum during a 10-min observation 
period (ref. 147). The sensing mechanism for 
this differential emptying was attributed to the 
chemo- and osmo-receptors of the stomach. 

Food Intake 

Fasting can reduce tlie mater intake to 25 per- 
cent of normal (refs. 148 and 149), but drinking 
will gradually increase as the deprivation con- 
tinues (ref. 150). Dogs drank almost all their 
24-hr volume within 2 to 5 hr after feeding, 
but if mater was withheld for several hours fol- 
lowing each feeding, tlie 24-hr intake was much 
less than when water was allowed ad libitum 
throughout tlie postprandial period (ref. 148). 
The postprandial thirst was, in part, temporary. 
Provided the diet was held constant, there was 
a quantitative linear relationship between food 
and water intakes in 18 dogs over a period of 7 
years (ref. 150). When the dietary mater coii- 
tent was changed, drinking was readjusted so 
that tlie ratio of mater to food remained 
const ant . 

Recapitul a t' 1011 

Tho rehydration literature on dogs may now 
bo summarized. 
1. Water intake is influenced by food intake. 
Fasting decreases water intake to about 25 per- 
cent of the normal volume, but drinking slowly 
recovers with time. Postprandial thirst is tem- 
porary. Over long periods of time the water- 
to-food ratio is practically constant. 
2. Substances used to increase the blood osmotic 
pressure can determine the rate and volume of 
water intake. NaCl injections stimulate drink- 
ing immediately, while urea delays the onset. 
Sorbitol and sucrose act like NaCl ; glucose acts 

like urea. The sodium ion is more important 
than the chloride in stimulating drinking, but 
neither ion is the sole regulator of water intake. 
Water intake is more closely related to  the 
intracellular volume than to the extracellular 
volume. Hemorrhage stimulates drinking, 
especially when accompanied by shock. 
3. Water passing tlie pharynx gives temporary 
satisfaction. A dry mouth increases water 
intake. Anestlictizing tlie pharynx and section- 
ing the nerves of taste and smell has no effect 
on tlie quantity of water consumed. 
4. Increased pressure in the stomach inhibits 
water intake. The pressure must be present 
longer than 5 min. Cocainization of the 
stomach abolishes the distension inhibition. 
Vagotomy increases and thoracic syinpathec- 
tomy decreases the size of the drinks. Total 
stomach denervation does not alter drinking. 
Gastric distension is partially or wholly inde- 
pendent, of neurohypophyseal lesions. 
5. Neurohypophyseal lesions definitely affect 
water consumption. Ventralanterior hypo- 
thalamic lesions cause polydipsia while dorsolat- 
eral lesions lead to adipsia. The adipsia is not 
related to diabetes insipidus. The lesions, if 
properly made, are specific for water and not 
food. Depressed drinking is, \ d l i i i i  limits, 
proportional to lesion size. With neurohypo- 
physeal lesions, the drinking response is inde- 
pendent of urinary excretion. 
6. Thyroid feeding increases w d e r  consunip- 
tion. Procaine has no general effect on drink- 
ing. Pitressin delays the onset of drinking and 
is not a drinking stimulus. Amphetamine in- 
hibits water intake but the inhibition is abol- 
ished following prefrontal lobotomy. 
7. Muscular exercise depresses water con- 
sump tion. 
8. Individuality plays an important role in 
drinking. Each animal has its characteristic 
drinking pattern and drinks about lthe same 
amount of mater in each draft. The latter is 
not influenced by environmental temperature, 
food, total water intake, or  small changes in 
body weight. The daily water consumption 
is often determined by the number of drinks, 
not the volume of each draft. Some dogs cor- 
rect any water iinbalaiwe inaiiily by drinkiiig 
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while others correct it mainly by excretion. 
9. Dogs in very hot surroundings exhibit invol- 
untary hypohydration, probably due, in part, to 
gastric inhibition. Dogs in warm surroundings 
often overdrink, while at room temperature they 
rapidly drink water equal to their weight deficit. 
Lack of body water, not the timelbetween drinks, 
starts drinking. Thirst is not always propor- 
tional to the severity of hypohydration. 
Under some conditions of hypohydration the 
water intake and the urine output may be 
normal. The kidneys are not, the mechanism 
of thirst regulation in the dog. 

RATS 

The material in this section will be reviewed 
in the following sequence: normal pattern of 
water intake in the rat, neuroendocrine factors, 
electrolyte changes, gastrointestinal influences, 
heat and hypohydration, hemorrha~e and phys- 
iological-psychological parameters involved in 
drinking, followed by a recapitulation. 

Normal Drinking Pattern 

e.' 

Adolph (ref. 151) has described the normal 
pattern of water intake in the rat : 

Clearly the r a t  takes slightly more than enough 
water to restore water balance, just  as the dog and rab- 
bit do. The chief differences a r e  that the rat requires 
nearly an hour to ingest this water instead of the few 
minutes used by those species, and that initial body 
weight is a n  insufficient measure of zero load of water. 

Involuntary hypohydration has been observed 
in the rat, partly because the rat characteris- 
tically drinks small amounts of water at each 
draft ; it was less in very young rats and greater 
in adults (ref. 152). I n  addition, the involun- 
tary hypohydration was controlled to a very 
small degree by the kind of food available. 
Adolph and others (ref. 152) have presented a 
comprehensive theory of water intake in the rat : 

Water  intake may be separated into four phases : 
seeking water  . . . 
drafting water, which is driven by the urge to 
drink 
stopping t h e  draf t  at  a measured amount, this 
temporarily counteracting a & b 
absorbing and distributing the water to tissues 
generally and  to unknown receptors in partic- 
ular, whereby the drives for a & b are  removed 

The stimuli evidently activate a & b. The modulators 
control c, since they shorten or prolong the drinking 
period, and i ts  intermittency. The total result in  tis- 
sues is eventually fed back (d)  t o  neutralize the sys- 
tem which activated a & b. Receptors that  activate a 
& b are often thought to  be imbedded in the hypothala- 
mus. Receptors that  activate c may mostly be e l s e  
where and a t  least in  stomach, pharynx, and tongue. 

This theory is probably applicable to most 
other animals, including man. Body weight 
and skin area were not directly related to water 
intake. I f  an indirect relationship was adduced, 
i t  appeared to be dependent upon food intake 
(ref. 153). Water ingestion has also been 
found, in general, to be tempered to excretory 
capacities and food intake (ref. 154). 

Neuroendocrine Factors 

After cutting the olfactory bulbs, the oper- 
ated rats drank 60 percent more water than con- 
trol animals. Rats with cut olfactory bulbs 
reacted to a water deficit primarily by decreas- 
ing urine excretion while normal animals did so 
by increasing water consumption (ref. 155). 

Smith and McCann (ref. 156) suggested that 
the areas in the hypothalamus regulating food 
and water intake mere separable. Lesions of 
the lateral hypothalamus produced only adipsia 
in 11 out of 100 rats. The other 89 mere both 
sdipsic and aphagic. The specificity of the ven- 
tromedial hypothalamic nucleus in controlling 
only hunger has been questioned. Electric cur- 
rent levels that inhibit eating mere generally 
sufficient to cause rats to stop drinking as well 
(ref. 157). I t  was suggested that the most ven- 
tromedial stimulation prevented eating by dis- 
tracting or upsetting the rats. The dependence 
of drinking upon food intake could be explained 
by the proximity of the two centers in the 
hypothalamus. 

I t  has been suggested that the subcommis- 
sural organ played an important role as a thirst 
regulator and had endocrine properties (refs. 
158 and 159). Foldvjri et al. (ref. 160) exam- 
ined the influence of the subcoininissural organ 
(SCO) on electrolyte balance and concluded 
that the SCO was important in regulating salt 
hlaiice a d  N i ~ s  i~ riiiiieralucurt icoicl aclivalur. 
Other investigators conclucled that the SCO 
played no role in  water metabolinin tlirough con- , 
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trol either of thirst or of aldosterone secretion 
(ref. 161). 

Some strains of mice, when treated with 
estradiol, increased their drinking and excretion 
of fluids. There was also a retention of water 
(ref. 162). Atropine has been used to test the 
dry mouth theory of thirst (ref. 83). Contrary 
to Cannon’s results on man, more recent evi- 
dence indicated that atropine depresses drink- 
ing in rats, and the effect was not dependent 
upon food intake (ref. 163). Stein (ref. 164) 
investigated the effect of atropine and scopol- 
amine on eating and drinking and concluded 
that tlie depression of eating \vas n. peripheral 
effect and the depression of drinking was cen- 
tral. While the two anticliolinergic drugs 
markedly reduced water intalx, their methyl 
analogs did not. 

Atropine, administered intramuscularly, pilo- 
carpine, doryl, and posterior pituitary extracts 
inhibited the large turnovers of water that rats 
were induced to drink when large amounts of 
water were mixed with their food. Of the drugs 
tested, only postpituitary extract suppressed 
diuresis; the other three seemed to inhibit water 
ingestion and thirst (ref. 165). After pitressin 
injections, the voluntary water intake decreased 
more than urine volume and plasma osmolality 
was increased significantly over the control 
group (ref. 166). Thus, the antidiuretic hor- 
mone may have a depressing effect on water 
intake. 

Electrolyte Changes 

Gamble, Putnam, and McRhann (ref. 167) 
measured the water requirements for removal of 
urea and the electrolytes NaCl, potassium 
chloride, and potassium bicarbona te. They coii- 
cluded that the water requirement for each of 
the three salts was nearly the same, but the quan- 
tity of water necessary for removing equios- 
molar amounts of urea was much less. After 
slow infusions or rapid injections of varying 
amounts of liypertonic sodium sulfate, NaCl, 
sucrose, or urea, the amounts of water consumed 
by nephrectomized rats were tlie sanie (ref. 168). 
I n  addition, the drinking tliresliold was inde- 
pendent, of the rate of infusion. Tlie thresliol(1 
of drinking of neplirectoniized rats infused 
with hypertonic Na,SO, ant1 NxCl was approxi- 

nintely a 2-percent increase in osmotic pressure 
(ref. 168) ; sucrose wa.s 2.4 percent and urea m s  
5.6 percent. The threshold of normal rats to 
hypertonic NaCl mas a 1.6-percent increase in 
osmotic pressure. Here again we see that the 
kind of osmol is important in mater intake. 

The method of producing hypohydration de- 
termines the pattern of drinking. Subcutane- 
ous injections of NnC1 delayed the onset of 
drinking by 8.8 min while drinking commenced 
immediately following deprivation and contin- 
ued for 15 min (ref. 169). 

The electrical conductivity of brain tissue is 
related to the degree of thirst in rats. The con- 
centration of electrolyte by itself did not predict 
water intake even tliougli there was a close rela- 
tionship between the two variables (ref. 170). 

O’ICelly (ref. 171), using the technique of 
preclrink stomach loading, studied the water 
ingestion in rats water depleted 23% lir after: 
(1) varying the volunie of preloaded tap water; 
(2) using fixed preloaded water volumes of 
varying NaCl concentrations; nnd ( 3 )  allowing 
rats voluntarily to drink NaCl solutions of 
v:wying concentrations. I n  the first experiment, 
voluntary intake was decreased proportionally 
to the volume of tlie preload; the total iiitake, 
preload plus voluntary, increased proportion- 
ally to the preload volume. The results of the 
second experiment indicated tliat preloading 
0.50- to O.75-percelit saline solutions signifi- 
cantly increased nxter intake above the drink- 
ing that followed preloading with water or 
0.25-percent saline. Saline solutions of 1.00 to 
3.00 percent produced even greater voluntary 
mater intakes. When the rats drank various 
salt solutions ad libitum (experiment 3) ,  any 
concentration from 0.25 to 1.00 percent produced 
an increase in drinltinw over rats drinking tap P mater ; however, no significant differences in 
intake were observed between the 0.50- and 1.00- 
percent solutions. Both of tliein were driink in 
significantly greater quantities tlian either 0.25- 
percent saline or tap water. Taste, as well as 
an absorption factor, was iiiiplicated in deter- 
mining water ingestion. Soliii ions of NnCl 
greater than 1 percent \vci*e cwisiuiiccl in dc- 
creasing ninoiints. When these Iiypertonic 
solutions were 1)1ncwl directly into the digc.stivc 
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tract they stimulated drinking. Thus, the ani- 
mal was protected against hypohydration be- 
cause hypertonic fluids in the intestine stimu- 
lated drinking while drinking was inhibited 
by hypertonic fluids in the mouth (ref. 171). 

Gastrointsstinal Influences 

As in the dog, gastric factors play an impor- 
tant role in the drinking response in rats. Rats, 
preloaded with water following 23-hour food 
and water deprivation, showed drinking pat- 
terns different from rats which had experienced 
only mater deprivation. Any preload of water 
greater than half the maximal voluntary con- 
sumption inhibited water intake ; preloaded 
water tended to inhibit eating, the effect being 
more pronounced at  the end of the test hour than 
at  the beginning. There was a differential inhi- 
bition of the preloaded water on food and water 
consumption during the first 15 min of the test 
hour when hydration was less likely to be an 
important factor (ref. 172). Water by mouth 
reduced thirst to a greater degree than the same 
amount of water injected directly into the 
stomach, pointing up the pharyngeal satiating 
effect (ref. 173). 

Taste, and other sensory mechanisms in the 
mouth, water depletion produced by the osmotic 
effects of hypertonic solutions in the stomach, 
and gastric distension were re-emphasized as 
having an important influence on drinking (ref. 
174). However, recent evidence would tend to 
de-emphasize the importance of the pharyngeal 
effect. During periods of direct intragastric 
self -injection (nasal-stomach tube), the daily 
water intake remained within normal limits 
(ref. 175). This observation indicated that nor- 
mal water intake occurred without the consum- 
matory acts of licking and swallowing. 

X-irradiation alters the water intake of rats 
eating normally. Following whole body irradi- 
ation (500 r), two periods of polydipsia were 
observed: The first occurred within 24 hr fol- 
lowing exposure. The second commenced after 
at  least 48 hr postirradiation or longer in pro- 
portion to the dose received and was associated 
with recovery and resumption of the normal 
food intake (ref. 176). 

Like that of the dog, the water intake of the 

rat is closely associated with food consumption 
(ref. 177). Both drinking during starvation 
and eating during hypohydration progressively 
declined below the intake under ad libitum con- 
ditions (refs. 178 and 179). Intake of either 
food or  water seemed to be controlled by the 
deprivation conditions. A reduction in drink- 
ing was found to result from the animal’s con- 
suming less at a time rather than its consuming 
less frequently (refs. 178 and 180). The gas- 
tric contents of animals fed with or without 
water was about 49-percent water. Withhold- 
ing water during eating decreased the appetice, 
effected a reduction in food consumed, but did 
not appear to interfere with digestion (ref. 
179). 

Heat and Hypohydration 

Recovery from hypohydration is a gradual 
process in the rat. The drinking is rapid and 
continuous for the first few minutes only and it 
takes over an hour to rehydrate to the control 
weight. The rat characteristically overhy- 
drates as do the dog and rabbit (ref. 151). Rats 
drink very little when exposed to very hot en- 
vironments but often overhydrate in moder- 
ately warm temperatures (ref. 154). Finger 
and Reid (ref. 181) found that it took rats less 
than 24 hours to recover from a 24-hour hypo- 
hydration, but it took them about 6 days to re- 
cover from a 72-hour hypohydration. 

Water intake showed a sigmoid relationship 
to privation interval. The relation between 
number of hours of privation and the body 
weight loss was linear and negatively acceler- 
ated (refs. 182 and 183). According to Stellar 
and Hill (ref. 180) : 

Under all conditions, the rat drinks at a constant 
rate or it does not drink at all. The tongue always 
laps water at a rate of six to seven times per second, 
and with each lap, rats get between 0.004 and 0.005 cc 
of water. Thus, whenever the rat drinks, it  drinks 
at a rate of about 0.03 cc per second. 

Hemorrhage 

When rats were hemorrhaged to about 45 per- 
cent of their blood volume, they drank no more 
than did control animals during a 3-hr observa- 
tion period (ref. 184). On the other hand, 
Fitzsimons (ref. 185) noted that the removal of 
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about one-third of the total blood volume caused 
a five-fold increase in water consumption over 
sham-bled controls. The rats did not go into 
shock as a result of the hemorrhage. This in- 
creased drinking was ascribed to a thirst-Iike 
sensation produced by body fluid diminution 
without an increase in osmotic pressure. 

Physiological-Psychological Parameters 

Some of the results dealing with psychologi- 
cal factors may be summarized as follows: 
1. Reduction of stimulation (a restricted en- 
vironment) reduced food consumption and wa- 
ter intake. The former fell off about 25 percent 
and the latter about 13 percent (ref. 186). 
2. After eating dry food, rats failed to demon- 
strate a learned drive based on thirst (ref. 187). 
3. Food acts as a reinforcer (reinforces eating 
behavior) only if a rat has incurred some crit- 
ical body weight loss, and provided a rat  was de- 
prived of water some critical period of time 
(ref. 188). 
4. Thirsty rats would lick at  a stream of air 
(air-drinking) and this acted as a reward for 
thirsty rats but not satiated ones. Air-drinking 
caused excessive saliva losses, reduced subse- 
quent mater consumption, and reduced the rate 
of bar pressing in order to get water (ref. 189). 

Recapitulation 

A summary of the factors (other than physio- 
logical-psychological) influencing drinking in 
rats is as follows : 
1. Under comparable circumstances, the rat 
takes about 10 times as long to recover from a 
water deficit as does a rabbit or dog. Older rats 
exhibit a greater lag in drinking than very 
young rats. Water intake is controlled by the 
frequency of drinking rather than by varying 
the volume during each drink. Thus, rats 
drink at a constant rate or not a t  all. The rate 
of drinking is about 0.03 ml/min. Body weight 
and skin area do not seem to be directly related 
to voluntary water intake. 
2. Following water deprivation, the rat over- 
hydrates slightly in a normal or moderately 

warm environment while very hot surroundings 
significantly inhibit drinking. 
3. Gastrointestinal factors and hypohydration 
are closely related to drinking responses. 
Water by mouth causes a greater reduction in 
drinking than an equal amount introduced 
directly into the stomach. Preloaded water, 
greater than one-half the ad libitum intake, 
inhibits eating and drinking. Drinking dur- 
ing starvation and eating during hypohydra- 
tion are both reduced when compared to normal 
conditions. Following water depletion pre- 
loaded water inhibits drinking ; preloaded 
saline (0.25 to 1.00 percent) produces an 
increase in water consumption in proportion to 
the salt concentration. Water intake is related 
logarithmically to the privation interval ; body 
weight loss is related linearly to  the privation 
interval. Following X-irradiation, rats show 
two periods of polydipsia, one a t  24 hours and 
the second after 48 hours. 
4. Stimulation of the hypothalamic ventrome- 
dial nucleus upsets drinking as well as eating 
behavior. Cutting the olfactory bulbs increases 
water consumption about 60 percent. Olfac- 
tomized rats react to hypohydration by reducing 
urine loss while normal rats react by increasing 
their water consumption. The influences of the 
subcommissural organ on drinking are contro- 
versial and not well defined. 
5. Atropine can inhibit water intake independ- 
ent of food intake. Atropine and scopolamine 
are thought to inhibit drinking centrally and 
eating peripherally. Their methyl analogs do 
not show this inhibitory function. Anti- 
diuretic hormone will inhibit drinking as well 
as diuresis. 
6. The effects of hemorrhage are controversial. 
I n  one case, drinking after loss of one-half the 
blood volume was no different than the controls; 
in another, water intake after loss of one-third 
the blood volume was five times greater than the 
control animals. 
7. Subcutaneous injections of sodium chloride 
delay the onset of drinking while hypohydra- 
tion does not. The brain electrolyte concentra- 
tion per se will not lead to accurate prediction 
of water consumption. 

. 
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OTHER ANIMALS 

Observations pertinent to the factors con- 
trolling water intake will now be summarized. 
1. Following water privation, the rabbit recov- 
ered its body weight loss a few minutes after 
taking water (ref. 151). 
2. Fourteen gastric stretch receptors were iden- 
tified in the pyloric region in cats. The recep- 
tors, connected to vagal afferent fibers, slowly 
reacted to increasing distensions and showed 
spontaneous activity (ref. 190). 
3. The mourning dove can tolerate a water loss 
equal to 24 percent of its body weight. Once 
drinking has begun, it makes up this deficit in 
10 to 15 min (ref. 17). 
4. The trauma connected with polydipsic-pro- 
ducing lesions of the hen’s hypothalamus caused 
an initial decrease in water consumption before 
the polydipsia began (ref. 191). 
5. Emotional factors and hydration in goats 
( 5  1. of water by stomach tube) increased the 
stimulus threshold for drinking with perma- 
nent hypothalamic electrodes implanted in the 
“drinking center.” The goats preferred water 
at 30” C to water at 12O C (ref. 192). 
6. Warming the preoptic area and the rostral 
hypothalamus in hungry goats inhibited eating 
and also induced them to drink large quantities 
of water (ref. 193). 
7. Chronic cooling of the preoptic area in goats 
inhibited water consumption while causing little 
alteration of food consumption (ref. 194). 
8. Placing air, sea water, or plain water in the 
stomach inhibited the drinking of an equivalent 
amount of water in the rat, hamster, guinea pig, 
and adult rabbit; the dog and young rabbit 
need larger quantities of water or air in the 
stomach to signal them to stop drinking (ref. 
195). 
9. I n  rabbits, studied for 6 months, there was a 
quantitative linear relationship between food 
and water intakes. The intake of both food 

and water decreased with increasing age, water 
a t  a slightly greater rate than food. The sud- 
den removal of food led to polydipsia and poly- 
uria ; saline ingestion abolished the polydipsia, 
equimolar solutions of potassium chloride did 
not. Young female rabbits showed polydipsia 
to sudden food deprivation; during maturity 
the polydipsia declined; in old age the poly- 
dipsia returned. Castration of the females 
abolished this cyclic response (ref. 196). 
10. In rabbits, D,O exchange is slowest in the 
stomach, faster in the small intestine, and fast- 
est in the large intestine (ref. 197). 
11. When water WBS placed in the small intes- 
tine of rats, cats, and rabbits, a significant in- 
crease in the plasma hemoglobin concentration 
occurred which suggested that intravascular 
hemolysis resulted during water absorption 
(ref. 198). 
12. Hypertonic saline solutions injected intra- 
venously in cats resulted in increased electrical 
activity in the floor of the fourth ventricle at 
the level of the obex. This area may be a cen- 
tral site of osmoreception (refs. 199 and 200). 
13. The camel can tolerate water losses of 30 
percent of its body weight, and continues to eat 
until the hypohydration becomes severe. The 
camel can drink enough ‘water in 10 to 15 min 
for complete rehydration (ref. 201). Riley 
(ref. 202) related an interesting account of 
drinking in camels: 

It was here that I had an opportunity of ascertain- 
ing the quantity of water which a camel could drink 
at one draught. We filled a large goat skin fifteen 
times, containing at least four gallons, and every drop 
of this water was swallowed down by our largest 
camel, amounting to the enormous quantity of sixty 
gallons, or two barrels . . . . This camel was a very 
large and old one, about nine feet high, stout in pro- 
portion, and had not drunk any water for twenty days, 
as I was informed by Sidi Hamet ; but the other camels 
did not drink as much in proportion. 

14. Following 4 days of water deprivation, 
oxen drank up to 65 1. of water in 4 min (ref. 
203). 



SUMMARY AND CONCLUSIONS 
Involuntary hypohydration was d e h e d  as a 

depression in the rate of water intake following 
water loss in animals and in man. While most 
animals rehydrate fairly rapidly, the rat and 
man do not. Concerning the speed of volun- 
tary rehydration, the rat is about midway be- 
tween man and the dog, cat, rabbit, burro, and 
camel. The pertinent question to be answered 
is why man takes up to 72 hr or longer to regain 
a water deficit of 6 percent of his body weight 
when the other animals can do it in 1 hr  or 
leSS. 

I n  man, the water intake is not proportional 
to the total volume of body water. Regardless 
of the level of the water deficit and whether the 
,water was lost by deprivation or by sweating, 
man regains the lost water a t  a constant rate 
(ref. 42). There is no gulping of water, as in 
animals, until the deficit is regained. Instead, 
man will drink rapidly about 1 1. of water and 
then stop. I f  water is forced beyond this point, 

24 

vomiting will usually ensue. Prolonged forc- 
ing of salt-free water may cause water intoxi- 
cation which the vomiting would help to 
prevent. 

There are many factors that influence drink- 
ing such as : the volume of body water, osmotic 
concentration, gastrointestinal absorption rates 
and stretch receptors, food and salt ingestion, 
starvation, environmental temperature and 
humidity, physical exercise, and psychological 
and social parameters. It is clear that attempts 
to explain drinking on the basis of a single van- 
able, that is, the osmotic concentration or the 
concept of volume of fluid, have not proved too 
successful because both factors are operating 
simultaneously and are mutually interdepend- 
ent. 

The task now is to uncover the relationships 
between the many variables applicable to water 
metabolism and to determine how they relate to 
the time factors in drinking. 
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